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Abstract
ANTICARCINOGENIC, ANTITUMOR, AND ANTIFUNGAL
PROPERTIES OF ALLIUM SATIVUM (GARLIC)
by
Padma P. Tadi

In this study the antimutagenic/anticarcinogenic, immune enhancing,
antitumor and antifungal effects of a crude extract and organosulfur compounds
of garlic were determined. Diallyl sulfide (DAS), and ajoene each at 100 /xg/ml,
and garlic extract (GE, 12.5 mg/ml) inhibited rat liver 9000 X g supernatant (S9) dependent mutagenesis in Salmonella typhimurium TA100 induced by either
aflatoxin B1 (AFB^ or benzo[a]pyrene (B[a]P). The garlic compounds were
shown to inhibit the binding of [3H]AFB1 to calf thymus DNA and the formation
of specific AFBrDNA adducts. These effects on mutagenesis and DNA binding
correlated with an inhibition of the metabolism of [3H]AFBr Ajoene and DAS
did not effect glutathione-S-transferase, an enzyme important to the conjugation
of compounds to glutathione.
GE was tested for its effects on immune function in a murine model by
injecting C3H/He mice with Candida albicans. GE appeared to control
C. albicans as exhibited in blood and kidney cultures. Peritoneal exudate cells
obtained for chemiluminescent assays from garlic-treated mice exhibited an
increased oxidative burst.
The cytotoxic effects of diallyl disulfide (DADS, 5-200 /xg/ml), DAS (200
/ig/ml), dimethyl disulfide (DMDS, 5-400 /xg/ml) and allyl methyl sulfide (AMS,
5-400 /xg/ml), were determined with in vitro cultures of MBT-2, R3327, HL-60

and K562 tumor cells. DADS exhibited toxicity against all the tumor cell lines
tested. DMDS was cytotoxic to K562 tumor cells and AMS was cytotoxic to
MBT-2 cells.
The effects of DADS, DAS, DMDS and AMS on the in vitro growth of C.
albicans were investigated. Inhibitory concentrations mg/ml of DAS, DMDS,
AMS and DADS were in the range of 0.625 - 1.250, 5 - 20, 10 - 20 and 156-625
/ig/ml respectively.
The results of this study suggest that garlic compounds inhibited rat liver
S-9 mediated AFB, metabolite binding to calf thymus DNA, AFBrDNA adduct
formation and AFBrinduced mutagenesis in S. typhimurium TA100 by inhibition
of microsomal mixed-function oxidase activity. Garlic compounds exhibited
antifungal activity and enhanced phagocytic activity. In addition, garlic
compounds were cytotoxic to several tumor cell lines.
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INTRODUCTION

Statistical data for the two leading causes of death in the United States are
35.8% for heart diseases and 22.5% for cancer (18). Although modem medicine
has focused on attempts to control these diseases with drugs and surgery,
epidemiological studies suggest an important role in preventing them (59, 74, 99,
112). Disease prevention by diet includes fiber, cmciferous vegetables,
antioxidant vitamins and minerals (7, 19, 37, 75, 105). Thus, in recent years
prevention has become more attractive as a cost-effective control of these modem
diseases (28, 63, 64, 76). Garlic, a vegetable belonging to the Allium family, has
been reputed to have a protective effect against both heart disease and cancer
(59, 63). As early as 3000 B. C, garlic was used as a medicine by the Egyptians,
Greeks, Indians, Romans, Babylonians, Vikings, and Chinese (16, 45, 47). It has
been considered a heart remedy in Ayurvedic medicine, which is an Asiatic
Indian treatment by plants and drugs indigenous to India (26). An Egyptian
medical papyrus dated 1500 B. C. gives many therapeutic formulas, of which 22
include garlic as an effective remedy for a variety of ailments including heart
problems and tumors (16). Garlic has been purported to have healing power in
the treatment of hypertension, arthritis, heavy metal poisoning, constipation, and
athlete’s foot (17). In more recent investigations, garlic has been shown to
possess insecticidal, bactericidal, fungicidal, viricidal, tumoricidal, hypoglycemic,
hypolipidemic, anticancer and immune enhancing properties (59). Interest in

1

2

garlic has continued to grow as evidenced by the increasing number of
publications and review articles published in recent years.

Organosulfur compounds of garlic
Garlic contains S-allyl-l-cysteine sulfoxide (alliin) which accounts for about
0.24% of the weight of a typical garlic bulb. It also contains an enzyme allinase
which catalyzes the formation of diallyl thiosulfinate (allicin) (16). Garlic extracts
and oils also contain a number of other organosulfur compounds including
sulfides, disulfides and trisulfides, essentially breakdown products of allicin and
alliin (35). An analysis of volatile sulfur compounds in garlic essential oil is
shown in Table 1. Diallyl disulfide, a major component, accounts for 30-50% and
diallyl sulfide accounts for 2.4 to 10.4%, dependent upon geographical locality
(97). Ajoene, derived from garlic, has been demonstrated as a potent
antithrombotic agent (15).

Garlic and cancer prevention: epidemiological studies
The People’s Republic of China, with a population of over 800 million,
provides an ideal "field laboratory" for epidemiological studies of cancer
incidence. In a nationwide retrospective survey of cancer mortality
stomach cancer was found to rank highest for both males and females (74, 99).
In a China-U.S. collaborative investigation conducted in Linqu, Shandong
Province of China (112), certain factors were identified and associated with the
increased risk for stomach cancer. These include cigarette smoking, use of salty
foods and eating moldy grains. Factors tending to decrease cancer risks were also

Table 1 GC-MS(EI) Analysis of a Mexican garlic essential oil

Peak No.

1
2
3
4
5
6
7
8

Scans(S)

KIP*

EP

Mc

Identification

122
190
263
439
578
742
886
1160

990
1050
1150
1230
1327
1436
1530
1710

88, 73
94, 79
45, 73, 41, 72, 114
41, 120
126, 79, 45, 94, 111
41, 81, 146, 126, 105
73, 87, 41
73, 41, 113

88
94
114
120
126
146
152
178

Allyl methyl sulfide
Dimethyl disulfide
Diallyl sulfide
Allyl methyl disulfide
Dimethyl trisulfide
Diallyl disulfide
Allyl methyl trisulfidec
Diallyl trisulfide

*) Kovats indices on a polar FFAP column were calculated according to the relation established from ten reference
samples: KIP=(- 0.335 x S + 896.5) + S.
b) Main fragments are classified by decreasing intensity order.
c> Determined mainly upon PCI (isobutane).
d> Identification was achieved using the EPA-NBS library and SPECMA data bank (MS, KI).
e) The compound 7 was recently isolated from garlic oil and identified by GC-MS and NMP spectra.
Source: Vernin, G. et al. (1986) Planta Medica. 2, 96-101.
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recognized, including the increased consumption of fresh vegetables and fruits. In
a more recent report by this same group of investigators, interviewing 564
patients with stomach cancer and 1,131 controls in Linqu, a significant reduction
of stomach cancer risk was found to be associated with increasing consumption of
allium vegetables including garlic, scallions, and Chinese chives (113).
An earlier study conducted by Chinese investigators compared stomach cancer
incidence in two counties in the Shangdong Province (71). Residents in Shenshan
People’s Commune in Cangshan County consume an average of 20 grams of fresh
garlic per person per day. This county has a stomach cancer mortality rate of 3
per 100,000 population. In comparison, Qixia where the residents rarely consume
garlic, the stomach cancer mortality rate is 40 per 100,000 population. The nitrite
concentration in gastric juice of the residents in Cangshan County was
significantly lower than that in Qixia County. The investigators suggested that
consumption of garlic inhibited nitrate-reduction by bacteria. Consequently, the
lower concentration of gastric nitrite, a nitrosamine precursor may reduce the risk
of developing stomach cancer.

Anticarcinogenic effects
Many environmentally persistent procarcinogens must undergo
biotransformation to become reactive carcinogens which can exert their toxic
effects. Multiple enzymes are involved in metabolic activation. Two classes of
enzyme systems, phase I and phase II, have been proposed for the metabolism of
xenobiotics (105). The phase I system consists of the cytochrome P-450containing mixed function oxidase enzymes which introduce a polar group into a
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xenobiotic compound providing molecular sites for subsequent conjugation
reactions (43). Phase II enzymes are primarily conjugating enzymes that promote
the formation of glucuronide, glutathione and sulfate conjugates that are watersoluble and thus excretable. Evidence suggests that garlic compounds have
inhibitory effects against metabolically activated carcinogens but not against direct
acting carcinogens (88). AFB, and B[a]P are carcinogens which require
metabolic activation to exert carcinogenic effects (40, 91). AFB, is a naturallyoccurring fungal toxin produced by strains of Aspergillus flavus and has been
shown to be a potent hepatocarcinogen (110). AFB, is metabolized by the P450-dependent mixed function oxidase system to polar metabolites, including
AFM^ AFP,, and AFQr The predominant metabolite of AFB, that binds to
DNA in animal and human tissues is AFB,-8,9-oxide (Fig. 1) (91). AFB,-8-9oxide is converted to AFB^S^-dihydrodiol as a degradation product of AFB,modified DNA and RNA. The principal covalent product formed between AFB,
and DNA is 8,9-dihydro-2-(N7-guanyl)-3-hydroxy-aflatoxin B, (Fig. 2) (31).
B[a]P, a polycyclic aromatic hydrocarbon, acts as a procarcinogen which
must be metabolically activated through a series of enzymatic and non-enzymatic
steps to form the ultimate carcinogen, benzo[a]pyrene-7,8-dihydrodiol-9,10
epoxide (BPDE) (40). B[a]P is initially oxygenated by the cytochrome P-450
enzyme system to epoxide intermediates (42). The epoxide intermediates may be
hydrated to form dihydrodiols catalyzed by the enzyme epoxide hydrolase and
then oxygenated by cytochrome P-450 to diol epoxides (Fig. 3) (40, 42). Epoxide
intermediates may be converted to glutathione conjugates, glucuronide conjugates
or sulfates (42). Diol epoxides which are the terminal electrophiles are highly
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Figure 1. Pathways in the metabolic activation of aflatoxin Bv
Source: Kensler, T. W. et al. (1986) Cancer Res.. 46, 3924-3931.
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Figure 2. Structures of Afiatoxin BrN7-Gua and AFBj-N^FaPyrCmajor) adducts.
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Figure 3. Metabolic activation of benzo[a]pyrene.
Source: Gelboin, H. V. (1980) Physiol. Rev., 60, 1107-1166.
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reactive with nucleophiles such as DNA, RNA and proteins (40). Any compound
that inhibits the carcinogenic process is called an anticarcinogen or
chemopreventive agent. The new field describing the effects of these agents in
inhibiting cancer in animals and humans is called chemoprevention. In the first
of such studies Belman studied two-stage carcinogenesis using a mouse skin
model initiated by 7,12-dimethylbenz[a]anthracene (DMBA) and promoted by
phorbol myristate acetate (PMA) (12, 13). In addition to its activity as a potent
tumor promotor, PMA is known to stimulate platelet aggregation and
prostaglandin synthesis (8, 9, 21). Since onion and garlic have been shown to
inhibit platelet aggregation and prostaglandin synthesis (61, 96) Belman sought to
determine if oils of these plants might have an effect on tumor promotion
associated with PMA (13). DMBA was applied to the shaven back of Ha/ICR
mice and promoted three times a week by PMA applied to the skin. Topical
application of onion or garlic oils within 30 minutes after PMA markedly reduced
the incidence and magnitude of skin tumors in a dose-dependent manner. In a
more recent study, Belman et al. (14) found that ajoene from garlic and propenyl
sulfide from onion inhibited PMA promotion. These compounds also inhibited
several enzymes in the epidermis including ornithine decarboxylase and
lipoxygenase. Another model was studied by Sadhana et al. (81) who applied
garlic oil topically during the initiation phase of benzo[a]pyrene-induced skin
tumors in Swiss albino mice and reported reduction of tumor incidence and mean
number of tumors.
Wargovich and Goldberg (100) investigated the effects of a sulfide and a
disulfide component of garlic on several chemical carcinogens. They used a
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nuclear aberration bioassay to determine abnormality of mouse gastrointestinal
epithelium. Inhibition of nuclear toxicity correlated with efficacy of the agent as
an inhibitor of neoplasia. They found that nuclear damage of mouse colon cells
induced by 1,2-dimethylhydrazine (DMH) was moderately inhibited by diallyl
disulfide (DADS) and markedly inhibited by diallyl sulfide (DAS). DMH, a
metabolically activated carcinogen, predominantly induces colorectal tumors in
rodents. Histologically these tumors bear a striking similarity to human colorectal
carcinoma (38). DAS did not, however, inhibit the direct acting carcinogens Nmethyl-N’-nitro-N-nitrosoguanidine (MNNG) and N-nitrosomethylurea (NMU).
In a subsequent study, Wargovich (101) showed DAS given orally prior to DMH
injection significantly reduced the incidence and frequency of colorectal
adenocarcinoma. In this study, four groups of C57BL/6 mice were used. Group
1 (30 mice) received 20 weekly intraperitoneal injections of DMH (20 mg/kg)
three hours after oral dose of 200 mg/kg DAS in corn oil. Group 2 (30 mice)
received DMH and corn oil without DAS. Group 3 and 4 (15 mice each)
received DAS or corn oil only without DMH. Tumors were recorded by organ
site, location, and frequency. No colon tumors were found in control groups (3
and 4). Twenty percent of group 1 and 77% of group 2 developed colon tumors.
In group 2, 50% of the colon tumors were benign adenomas and 43% were
malignant adenocarcinomas. In group 1, there were 14% adenoma and 3%
adenocarcinoma. DMH is also a potent liver carcinogen. In a study of liver
tumors initiated in Fisher 344 rats by DMH and promoted by orotic acid, DAS
was shown to inhibit the promoting influences of post-necrotic regeneration rather
than by preventing initiation (48).
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In another study, Wargovich et al. (102) demonstrated that a dose of 200
mg/kg of DAS given orally three hours prior to N-nitrosomethylbenzylamine
(NMBA) inhibited nuclear toxicity. NMBA is a chemical carcinogen which
reproducibly induces squamous cell carcinoma of the esophagus in SpragueDawley rats and requires liver activation to achieve its carcinogenic activity (87).
In a recent study, Sumiyoshi and Wargovich (89) compared lipid-soluble DAS
with water-soluble S-allyl-cysteine and reported that the latter inhibited DMHinduced nuclear toxicity as effectively as DAS. The nuclear aberration assay has
provided these investigators with a rapid screening of organosulfur compounds for
potential chemopreventive activity (103).
Recently, five organosulfur compounds found in garlic, onion, leeks and
shallots were used to investigate carcinogenesis associated with Nnitrosodiethylamine (NDEA) (106). Diallyl disulfide, allyl mercaptan, and allyl
methyl disulfide (AMD) were found to produce a marked inhibition of NDEAinduced tumors of the forestomach. The most potent was diallyl disulfide which
reduced forestomach tumor formation by more than 90%. In another experiment,
The sulfur compound was given once a week, 15 minutes before NDEA Allyl
mercaptan turned out to be the most potent inhibitor of forestomach tumors. In
the third experiment, again the compound was given once each week, but one
hour before NDEA As in the second experiment, DADS was a potent inhibitor
of forestomach tumor formation. DAS was almost inactive. The study
emphasized the importance of the allyl group and organ site. The most potent of
the three organosulfur compounds studied was diallyl disulfide. Allyl methyl
disulfide with one allyl group was less potent. DAS, effective in previous studies
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with DMH and NMBA models (101, 102), was given 3 hours before carcinogen
administration, in contrast to one hour in the NDEA study. This suggests that
longer time intervals may be needed between the administration of test inhibitory
compounds and the carcinogen.
Glutathione-S-transferase (GST) is a major detoxification enzyme that
catalyzes the binding of various electrophiles to reduced glutathione (50). Since
the reactive ultimate carcinogenic forms of chemical carcinogens are
electrophiles, GST takes on considerable importance as a mechanism for
carcinogen detoxification by potentially binding to carcinogenic species (24, 84).
Spamins et al. reported that GST activity in the liver, forestomach, small
intestine, and lung was enhanced at 96 h after oral administration of allyl methyl
trisulfide (AMT) (85). In their study three other allylic sulfur compounds (AMD,
DAT, and DAS) stimulated GST activity in those organs, but their saturated
analogues produced little or no induction (86). However Hayes et al. reported
that DAS did not influence GST activity 18 h after being added to primary
cultures of rat hepatocytes (48). Sumiyoshi et al. found the increase of mouse
hepatic GST by DAS at an oral dose of 400 mg/kg was higher at 48 h (170%)
than 24 h (118%). These results suggest that the stimulation of hepatic GST by
organosulfur compounds may require more than 18 h of lag-time. Stimulation of
GST activity in the liver and other target organs of carcinogens by organosulfur
compounds may be responsible for their inhibitory effects against chemical
carcinogenesis.
The activation of DMH involves the sequential hepatic oxidation of
azomethane to azoxymethane to methylazoxymethanol. Cytochrome P450IIE1, an
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isozyme of cytochrome P450, has been shown to catalyze the oxidation of
azoxymethane to methylazoxymethanol (83). Brady et al. reported that DAS was
a competitive inhibitor of liver microsomal monoxygenase both in vitro and in vivo
(20). Immunoblot analysis of liver microsomes from DAS treated rats revealed
that DAS selectively decreased the amount of immunoreactive protein associated
with P450IIE1. DAS has also been shown to modify cyclophosphamide
metabolism (41). These findings suggest that DAS inhibits the conversion of
procarcinogens to ultimate carcinogens, an important aspect of the initiation
phase of carcinogenesis.
Perchellet et al. reported that garlic oil increased GSH peroxidase activity
and inhibited the decline in the intracellular ratio of reduced/oxidized glutathione
caused by 12-O-tetradecanoylphorbol-13-acetate (TPA) in epidermal cells (80).
Garlic oil had been shown to be a potent inhibitor of lipoxygenase (96), one of
the key enzymes involved in TPA-stimulated arachidonic acid metabolism. These
data suggest that the antitumor-promoting action of garlic may result in inhibition
of the lipoxygenase-mediated formation of active lipid hydroxide products by TPA
and stimulation of the natural GSH-dependent antioxidant protective system of
cells.
A recent study by Baer and Wargovich indicates that DAS pretreatment
partially inhibited nuclear damage to murine colon mucosal cells caused by
radiation treatment (10). The protection afforded by DAS was evident from the
suppression of ornithine decarboxylase activity, an enzyme important in the
regulation of DNA synthesis. It was further shown that the mechanism of DAS
radioprotection involved a polyamine-dependent pathway. This is particularly
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significant in that the study points to the diversity of mechanisms through which
the components of garlic act.
Different sulfur-containing compounds may have differential affinity for
various carcinogens and target tissues, thus affecting different types of tumors.
Some of the chemical carcinogens studied are common in the environment.
Benzo [a]pyrene, for example, is found in cigarette smoke, charcoal-broiled meat
and polluted air. The ability of components of garlic to mitigate the effects of
diverse carcinogens qualifies garlic as a new candidate for dietary
anticarcinogenesis. Since food plants may contain carcinogenic as well as
anticarcinogenic compounds, it should be mentioned that garlic was reported to
be mutagenic in bacteria (52, 92), although subsequent testing by another group
of investigators failed to confirm this (111). Its genotoxicity was further ruled out
in a micronucleus assay using animal cells (4). Using Salmonella strains as test
organisms, an aqueous garlic extract was shown to exhibit antimutagenic activities
toward ionizing radiation, peroxides, adriamycin and N-methyl-N’-nitronitrosoguanidine (57).

Inhibition of tumor growth
Chinese investigators have tested the in vitro cytotoxic effects of fresh
garlic extract and diallyl trisulfide (allicin analog) on two human gastric cancer
cell lines (78). In a dose response study, fresh garlic and diallyl trisulfide were
found to be more potent than 5-fluorouracil or mitomycin C in killing these
cancer cells. A synergistic effect was observed with a combination of diallyl
trisulfide and mitomycin C (79). However, the report did not include a study on

18
the toxicity to normal tissue cells. Other in vitro studies showed that garlic
rendered tumor cells non-viable, while under similar conditions the extract was
equally or more toxic to human lymphocytes (94). In another study with human
lymphocytes, it was found that fresh garlic extract was very toxic while the
specially-prepared liquid garlic extract was nontoxic (60, 62, 70).
Prompted by the ability of allicin (allyl 2-propenethiosulfinate ) in fresh
garlic to inactivate sulfhydryl (-SH) enzymes, Weisberger and Pensky (109)
examined whether allicin had an inhibitory effect on the growth of malignant
cells. Since allicin is unstable, they chose to study its analogs, the dialkyl
thiosulfinates (methyl, ethyl, propyl and butyl esters). In an in vitro experiment,
they demonstrated that the uptake of radioactive L-cysteine by leukemic cells was
prevented by thiosulfinates (108). Using sarcoma 180 ascites as a model, they
found that no tumors developed in 75 mice injected intraperitoneally with tumor
cells preincubated with diethylthiosulfinate (prepared by incubating S-ethyl Lcysteine sulfoxide with allinase from fresh garlic). On the other hand, 75 control
mice injected with tumor cells preincubated with saline died in 16 days.
Intravenous injections of thiosulfinate into mice previously inoculated
intraperitoneally with tumor cells only delayed the onset of tumor development.
Using a solid tumor model, Murphy-Sturm lymphosarcoma in rats, they showed
that preincubation of tumor suspensions with thiosulfinate prior to subcutaneous
transplantation also resulted in complete inhibition of tumor growth. However,
intraperitoneal injections of allicin analogs in rats with tumor cells transplanted
subcutaneously resulted only in partial suppression of tumor growth (65%
reduction in mean tumor size). Their studies indicated that contact of tumor cells
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with active components of garlic was essential to the inactivation of sulfhydryl
enzymes needed for cell division. Preincubation of tumor cells with thiosulfinate
provided optimum conditions for this interaction.
DiPaolo and Carruthers (34) confirmed the findings of Weisberger and
Pensky. Preincubation of sarcoma 180 ascites tumor cells or Ehrlich-2 carcinoma
cells with synthetic allicin prior to intraperitoneal injection into mice resulted in
complete inhibition of tumor development. Injection of allicin after tumor cell
inoculation only partially inhibited development. These authors concluded that
allicin was not useful for cancer therapy as significant inhibition occurred only
upon prior incubation with tumor cells. In a study carried out by Cheng and
Tung in which allicin or allithiamine from garlic was injected directly into the
tumor sites, inhibition of sarcoma 180 tumor growth was observed (25). This
again indicates the importance of direct contact of tumor cells with garlic
compounds.
Japanese investigators demonstrated that Ehrlich ascites tumor cells
pretreated with freshly-ground garlic extract also failed to produce tumors in
DDD mice (39, 72). The mice apparently acquired anti-tumor immunity as they
resisted challenge of viable tumor injection two weeks later (39, 73). The effects
of aqueous and alcoholic garlic extracts on Ehrlich ascites carcinoma were further
studied (3). Tumor cells were incubated with either the aqueous or alcoholic
garlic extract for one hour and then washed to remove the garlic. Incubation
with garlic extract resulted in a 15% loss of tumor cell viability. Tumor cells so
treated failed to produce ascites tumor when injected intraperitoneally, indicating
evidence of inactivation of tumor cells by a short incubation with garlic. Animals
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receiving garlic extract alone developed abdominal hemorrhage and died within
two to three weeks, showing that fresh garlic extract was toxic to animals (3).
Using a different approach, Kimura and Yamamoto (56) studied MTKsarcoma in albino rats and reported that garlic extract exerted marked antimitotic
effects resulting in damage to tumor cells.
Kroning studied spontaneously-occurring tumors in mice fed fresh garlic
compared with controls fed a regular diet. Garlic feeding completely inhibited
mammary tumors in the C3H mice. However, garlic was ineffective against
leukemia of viral origin in the AKR mouse strain (58).
In a short term study to determine the effects on growth of Ehrlich ascites
tumor cells in the peritoneal cavity of mice, oral feedings of fresh garlic for 10
days (0.6 grams a day in one group and 1.2 grams a day in another group),
resulted in 42% and 59% inhibition of tumor cells, as compared with controls
receiving standard diet (27).
Other studies determined the effects of oral garlic feeding in rats with
Morris hepatoma (30, 33). One group of rats received a diet containing 2.5%,
which another group was fed 5% lyophilized garlic extract for three weeks.
Compared with control rats receiving the same diet without garlic, the garlic
supplement significantly reduced the tumor size in a dose-related manner. Using
an in vitro assay, garlic extract was shown to inhibit guanylate cyclase enzyme
activity in hepatoma cells.
From these studies on the effects of garlic on tumor growth, it appears
that preincubation of tumor cells with components of garlic generally renders
these cells non-tumorigenic. This may occur by interfering with tumor cell
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metabolism through the inactivation of essential sulfhydryl enzymes or by
damaging ultrastructural components of tumor cells. Treating animals with garlic
at the same time as or after tumor cell inoculation appeared to be ineffective in
inhibiting tumor growth unless garlic was administered directly into the tumor
site. Garlic feeding appeared to be effective in preventing mammary tumors in
mice, moderately effective in inhibiting peritoneal tumors but apparently without
effect on viral leukemia. There is also some evidence that certain components of
garlic may be toxic to animals.
Using a murine transitional cell carcinoma model (MBT or mouse bladder
tumor) transplanted subcutaneously in the inguinal area, it was shown that
intratumoral injection of garlic (an odorless liquid preparation) was more
effective in inhibiting tumor growth than the intraperitoneal administration (60).
Five intratumoral treatments given every other day resulted in complete inhibition
of tumor growth while intraperitoneal treatments only resulted in partial
inhibition. Histological studies showed accumulation of macrophages and
lymphocytes as a result of garlic treatment. In the case of intraperitoneal
injections of garlic extract, cellular infiltration in the periphery of the tumor site
was noted. With intratumoral injections, immune cells were found to distribute
within the more necrotic regions of the tumors. Because of easy accessibility,
murine bladder tumors provided an ideal model to test the efficacy of intravesical
treatment (70). Garlic extract delivered intravesically significantly reduced the
incidence and size of the bladder tumor. Data from the murine bladder tumor
model suggest that garlic may exert a dual role: interfering with tumor cell
metabolism and stimulating macrophages and lymphocytes to attack tumor cells.
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Immune modulation
Fujiwara and Nakata (39) found that the in vitro incubation of Ehrlich
ascites tumor cells and fresh garlic extract rendered these cells non-tumorigenic
as tumors failed to develop following intraperitoneal injection of these attenuated
cells. Control mice injected with tumor cells preincubated with saline all died
within two to four weeks. Mice which received two weekly injections of tumor
cells attenuated by garlic extract resisted challenge of viable tumor cells 14 days
later and did not develop tumors, indicating antitumor immunity. Such immunity
did not occur when mice received only one injection of attenuated tumor cells or
when challenge was given 7 days after immunization with attenuated tumor cells.
In a subsequent study (73), these investigators identified a sugar in the garlic
extract they proposed to be responsible for the anti-tumor immunity. A more
recent study, also using the Ehrlich ascites tumor model, demonstrated that tumor
cells attenuated with either an aqueous or alcoholic garlic extract rendered
animals immune to subsequent challenge with viable tumor cells (3).
In studies of a murine bladder tumor model (60, 70), infiltration with
macrophages and lymphocytes at tumor sites was observed with treatment with a
liquid garlic extract. More intense cellular infiltration was noted with
intralesional treatment and heightened with repeated treatments. Necrosis and
hemorrhage at tumor sites was a prominent feature of garlic treatment. Using a
chemiluminescence assay (62), injection of garlic extract into inguinal sites was
shown to significantly enhance phagocytic activity of leukocytes obtained from
inguinal lymph nodes. Intraperitoneal injection of garlic extract resulted in
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enhancement of phagocytes from the peritoneal cavity, spleen and inguinal lymph
nodes with significantly higher activity in the first two sites.
Hirao et al. (49) has isolated a protein fraction from garlic. This fraction
augmented in vitro macrophage cytotoxicity against P815 target cells, enhanced
carbon clearance by macrophages, and also stimulated proliferation of
lymphocytes isolated from the spleen.
In a pilot study, human subjects who took fresh garlic or a commerciallyprepared garlic extract daily for three weeks had NK cells exhibiting 140-160%
greater cytotoxicity against K562 lymphoma targets (1, 53). These investigators
recently reported that seven subjects with acquired immunodeficiency syndrome
(AIDS) who took garlic preparation for 12 weeks had increased NK activity
accompanied by increased T-lymphocyte helper/suppressor ratio (2). Reportedly,
subjects also experienced subjective improvement of symptoms while taking garlic
supplement. This study would have greater validity if controls were used.
Previous experiments have used crude garlic extracts for antifungal studies,
there are no reports on the antifungal and cytotoxic effects by isolated sulfur
compounds. In order to determine the efficacy of garlic, it is necessary to study
isolated compounds of garlic that possess therapeutic value and also identify
compounds that possess toxicity to cells.
Although several mechanisms have been proposed to account for the
biological activity of garlic, there is no clear understanding of the effects of sulfur
compounds of garlic on the metabolism and DNA binding of carcinogens.
Furthermore, these compounds evoke varied and multiple responses in inhibiting
cancer, making it difficult to understand the mode of action in in vivo systems.
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In view of the current status of the field as outlined above, this dissertation
reports the following approaches in:
1.

determining and comparing the effect of crude extracts with isolated
sulfur compounds of garlic on B[a]P and AFB1-induced mutagenesis
in Salmonella typhimurium strain TA 100 by Aroclor 1254-induced
rat liver 9000 X g supernatant fraction.

2.

investigating the effect of sulfur compounds of garlic on the
metabolism and metabolite binding of AFB1 to calf thymus DNA by
Aroclor 1254 induced rat liver 9000 X g supernatant fraction.

3.

determining the cytotoxic effects of sulfur compounds of garlic on
tumor cell lines.

4.

examining the effect of in vivo administration of garlic extract on
the murine immune system.

5.

examining the antifungal effects of sulfur compounds of garlic on
Candida albicans.

MATERIALS AND METHODS

Chemicals
DAS, 97% purity, was purchased from ICN Biochemicals (Plainview, NY)
and was used without further purification. Ajoene was a gift from Dr. E. Block
(State University of New York, Albany, NY) and was used as an ethanolic
solution in all experiments (15). [3H]AFB1 (generally labeled; sp act 24
Ci/mmol) was purchased from Moravek Biochemicals (Brea, CA). Aroclor 1254
(polychlorinated biphenyl) was purchased from Foxboro (North Haven, CT). All
solvents and chemicals for chromatography were obtained from J.T. Baker
Chemical (Phillipsburg, NJ). Liquid scintillation cocktail was obtained from
Allied-Fisher Scientific (Pittsburg, PA). l-Chloro-2,4-dinitrobenzene (CDNB) was
purchased from Aldrich Chemical Co., (Milwaukee, WI). AFB,, authentic AFB1
metabolites (AFM,, AFP^ AFQ,), calf thymus DNA and all other chemicals were
purchased from Sigma Chemical (St. Louis, MO).

Preparation of hepatic S-9 fraction, microsomes and cytosol
Male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN)
weighing 180-200 g were provided Purina Laboratory chow ad libitum until 12
hours before time of sacrifice. Rats were given a single intraperitoneal injection
of Aroclor 1254 (500 mg/kg) diluted in corn oil five days before being sacrificed.
The livers were removed aseptically, minced, and then homogenized in 0.15 M
KC1. The homogenate was centrifuged at 9,000 x g for 15 min. and stored in one
ml aliquotes at -80°C to be used as required or centrifuged at 100,000 x g to
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obtain the cytosolic supernatant and microsomal pellet (69). The cytosol and the
microsomes were stored separately at -80°C and used as required.

Mutagenesis assays
Mutagenesis was determined by the plate incorporation assay of Maron
and Ames (69) using Salmonella typhimuriwn TA 100 (a gift from Dr. Bruce N.
Ames, University of California, Berkeley, CA) as the tester strain. Top agar
containing 0.05 ng of AFB,, different concentrations of the garlic compounds (20100 /ig/ml ajoene or DAS and 2.5-12.5 mg/ml GE), 0.5 ml cofactor buffer (69),
0.05 ml (3.1 mg) S-9 protein and 0.1 ml TA 100 culture was poured onto minimal
glucose agar plates and incubated for 48 h at 37°C. The tests were set up in
triplicate. Histidine independent revertants (His*) were scored, and the results
were expressed as mean revertant colonies/plate or /mg S-9 protein after
subtraction of spontaneous revertants colonies.

DNA binding and adduct identification
Purified calf thymus DNA (0.5 mg/ml), pHJAFB! (792 pmoles), 3.1 mg
S-9 protein and either ajoene (100 /zg/ml) or DAS (100 /ig/ml) were incubated in
one ml cofactor buffer for one h at 37°C in a shaking waterbath. Following
incubation, DNA samples were extracted (68), dried under N2 and redissolved in
10 mM Tris buffer containing 0.1 mM ethylenediaminetetraacetic acid (EDTA).
Radioactivity in the samples was determined by liquid scintillation spectroscopy
using a Beckman LS 5801 liquid scintillation counter (Beckman Instruments,
Berkeley, CA). DNA was quantitated by the diphenylamine assay (22). Analysis
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of the radioactivity was accomplished using the Beckman Datagraph Program in
the DU Data Leader software package on a IBM PS/2 model 50 computer. The
amount of [3H]AFB1 bound to DNA was expressed in pmoles/mg DNA.
DNA samples were acid hydrolyzed and adducts were extracted into water
saturated n-butanol. The butanol layer was dried under N2 and the residue was
redissolved in one ml 10% ethanol in 20 mM triethylammoniumformate (TEAF)
(54). Adducts were separated by high performance liquid chromatography
(HPLC) on a Zorbax ODS column (4.6 mm x 250 mm, Dupont Instruments Co.,
Wilmington, DE) using a linear gradient of 10% to 18% ethanol in 20 mM TEAF
at a flow rate of 1 ml /min for 25 min. Eluted fractions were collected on an
ISCO Retriever II fraction collector (Instrument Specialties Co., Lincoln, NB).
and radioactivity in the eluates was determined by liquid scintillation
spectroscopy. Radioactivity was expressed in pmoles/mg DNA. AFB1 adducts
were identified as described by Kensler, et al. (54).

Analysis of aflatoxin metabolites
Radiolabeled aflatoxin (pHJAFB^ 41.7 pmoles) and 3.1 mg S-9 protein in
cofactor buffer (69) was incubated with specific garlic compounds for 25 min at
37°C. In experiments with exogenous GSH, 1 mM GSH was used. The
incubation mixture was extracted twice with chloroform:ethyl acetate (1:1) (65,
95). The organic layers were pooled, dried and redissolved in 10% ethanol
containing 20 mM (TEAF). The metabolites were separated isocratically by
HPLC on a Dupont Zorbax ODS column (4.6 mm x 250 mm, Dupont
Instruments Co.) using acetonitrile: methanol:tetrahydrofuran:water (20:20:5:55)
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ISCO Retriever II fraction collector (Instrument Specialties Co.) and radioactivity
was quantitated in a liquid scintillation counter (Beckman Instruments). Data
were expressed as pmoles AFE^mg S-9 protein.

Analysis of AFB^glutathione conjugates (AFB^SG)
Aqueous fractions containing water-soluble conjugates were lyophilized and
redissolved in 70% ethanol and passed through a C18 Sep-pak column (66).
[3H]AFB1-SG in the aqueous fractions was eluted isocratically on a Zorbax ODS
column (Dupont Instruments Co.) with 25% ethanol in 20 mM TEAF (pH 3) at a
flow rate of 1 ml/min (54). The radioactivity in the aqueous fractions was
determined by liquid scintillation spectroscopy and analyzed using the Beckman
Datagraph Program. Data were expressed as pmoles AFE^mg S-9 protein.

Glutathione-S-transferase (GST) assay
GST activity was determined by the method of Habig et al. (44) by
monitoring changes in absorbance using a Spectronic 2000 dual beam
spectrophotometer (Bausch & Lomb, Rochester, NY). The reaction mixture (one
ml) contained 1 mM reduced glutathione (GSH), ajoene or DAS (100 /jg) and 1
mM l-chloro-2,4-dinitrobenzene (CDNB) in potassium phosphate buffer (pH
6.5). The mixture was preincubated at 37°C for 5 min and the reaction was then
initiated by the addition of cytosol fraction (21 mg/ml). Cytosol protein
concentrations were determined by the method of Lowry et al. (67) using bovine
serum albumin as standard. The addition of 125 /iM butylated hydroxyanisole
(BHT) was used as a positive control.
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Tumor cell cytotoxicity assay
Four cell lines, HL-60 (a human promyelocytic leukemic cell line), R3327
(rat prostate carcinoma cell line), K562 (human eiythroleukemia cell line) and
MBT-2 (murine bladder tumor cell line), were studied. 5 X 105 cells were
incubated in a C02 incubator at 37°C in 2 ml of RPMI-1640 medium
supplemented with penicillin (100 units/ml), streptomycin (100 /ig/ml) and 5%
fetal calf serum. Experimental flasks received 0, 5, 10, 25, 50, 100, and 200 /ig/ml
of the test compounds DADS, DMDS, DAS and AMS. At time intervals of 24,
48, and 72 hours samples of cells were tested for viability using trypan blue dye
exclusion. The dye trypan blue stained dead cells. After counting cells in a
hematocytometer, the % cytotoxicity was determined from the number of dead
cells.

Systemic infection with C albicans
A culture of Candida albicans was obtained from the Clinical Laboratory
of Loma Linda University Medical Center, Loma Linda, CA. Cultures were
maintained on Sabouraud dextrose agar (Difco Laboratories, Detroit, (Mich.)
plates at 37°C. Suspensions were made from agar, washed and diluted with
sterile saline to the desired concentration. The stock suspension was dispensed
and stored at -70°C until needed. When used, the suspension was thawed at
37°C and colony counts were made to ascertain the concentration and viability.
Suspensions stored at -70°C showed no loss of viability within 6 months. For
systemic infections, 32 C3H/He mice were each injected intravenously through
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the tail vein with 0.1 ml culture suspension containing 1 X 106 viable C. albicans.
The animals were randomly separated into two groups. One group received
intraperitoneal (i.p) injections of 0.1 ml GE while the control group received i.p
injection of 0.1 ml sterile physiological saline. At 24-hour intervals, four mice
from each group were sacrificed. Blood cultures using Pour plate technique were
made from blood (0.5 ml) obtained by cardiac puncture. Kidneys from each
mouse were removed and macerated. An aliquot was used for culture to recover
C albicans. Dilutions of kidney suspensions containing C. albicans were made in
sterile saline. Two-tenths milliliter of each dilution, in duplicate, was streaked
onto Sabouraud dextrose agar plates for colony counts. The colonies of both
blood and kidney cultures were determined after 48 h of incubation at 37°C.
Peritoneal exudate cells were obtained for chemiluminescent assay (CL) to
determine the activity of phagocytes (neutrophils and macrophages). CL was
measured in a Packard picolite luminometer (Model 6500, Packard Instrument
Co., Downers Grove, IL). For the evaluation of CL in phagocytes, 20 /d of fresh
blood was placed in plastic vials. The luminometer was set on ‘repeat cycle’ and
opsonized zymosan was added to obtain stimulated values. Sequential two
minute counts resulting from reactive oxygen intermediates were taken on each
vial and expressed as counts/sec/cell (62).

Antifungal activity of garlic compounds
All fungal cultures for this study were obtained from the Clinical
Laboratory of Loma Linda University Medical Center, Loma Linda, CA.
Cultures were pregrown on Sabouraud dextrose agar (Difco Laboratories, Detroit,
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Michigan). Susceptibility studies of Candida albicans were performed in
Sabouraud-dextrose broth (SDB). Cultures were incubated at 37°C for 48 h.

Preparation of garlic Extract and organosulfur compounds of garlic
Instant garlic powder (Shilling) by McCormic & Co., Inc., Baltimore, MD,
was used for all the tests. Aqueous extract of dehydrated garlic powder was
prepared by dissolving one gram of garlic powder in 40 milliliters (w/v) of broth
or medium appropriate for the growth of the fungus to be tested. The suspension
was thoroughly mixed and allowed to stand for 15 minutes at room temperature.
Using a Fleaker (Coming) filtering system, the suspension was filtered through
three layers of kimwipes to remove undissolved particles and then through
Whatman No. 1 filter paper. The filtrate was sterilized by millipore filtration
using a 0.45 micron cellulose membrane. The extract was stored at 4°C until
used.
A twofold dilution method was used to make solutions of organosulfur
compounds of garlic, diallyl disulfide (DADS), diallyl sulfide (DAS), dimethyl
disulfide (DMDS) and allyl methyl sulfide (AMS) by dissolving the compound in
Sabouraud-dextrose broth (SDB), containing a drop of Tween-80 (Fisher
Scientific Co, Fairlawn, New Jersey).

Preparation of cells and susceptibility testing
Pure isolates were used for all susceptibility testing. To determine the
minimum inhibitory concentration (MIC) of organosulfur compounds of garlic
against C. albicans, twofold dilutions of the compound were made in SDB. The
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final dilutions ranged from 2.5 mg/ml to 35 /ig/ml. Four ml of each dilution
were dispensed into test tubes in duplicate and inoculated with 0.1 ml of 1-3 X
106 yeast cells. Positive and negative controls were also set up. The negative
controls contained growth medium but no cells. All cultures were incubated at
37°C and examined daily for four weeks. Each tube was shaken and visually
observed for turbidity (evidence of growth) for 4 weeks. When the culture
remained clear and no visible growth was seen, it was noted as negative, and
when there was turbidity, the culture was noted as positive.
To determine the minimum lethal concentration (MLC) of organosulfur
compounds of garlic, yeast cultures that showed no growth were collected by
centrifugation, washed twice with sterile saline, resuspended in fresh broth
medium containing no test compounds and incubated at 37°C . Growth was
checked daily for 2 weeks. All MLC tests were set up in duplicate.

Inhibition of germ tube formation in G albicans by diallyl disulfide
Yeast cells grown to stationary phase were harvested from SDB, washed
twice in saline and then resuspended to a final concentration of 2 X 106 cells. A
0.1 ml cell suspension and 200 /xg of diallyl sulfide was added to 0.9 ml bovine
serum albumin diluted twofold. Cells were incubated for 1 h at 37°C and germ
tube formation was evaluated by light microscopy.

RESULTS

Effects of ^joene, DAS and GE on AFB^induced mutagenesis
Figure 4 illustrates the effects of ajoene and DAS on S-9 mediated
induction of His+ revertants by AFBr Ajoene exhibited a concentrationdependent inhibition of AFB1-induced mutagenesis while DAS showed significant
inhibition only at 100 /ig/ml. With GE (Fig. 5), significant inhibition of
mutagenesis was observed at the 12.5 mg/ml concentration. All inhibitory
concentrations were non-toxic to the bacteria. The highest inhibitory
concentration of these compounds was chosen for subsequent experiments.

Effects of ajoene, DAS, DADS, GE and aqueous garlic extract on B[a]P-induced
mutagenesis
Ajoene and DAS exhibited a concentration-dependent inhibition of B[a]Pinduced mutagenesis. Both showed a maximal inhibition at 100 /xg/ml which was
non-toxic to the bacteria (Fig. 6, 7). A concentration-dependent inhibition was
observed with GE in the range of 2 to 12.5 mg/ml (Fig. 8). DADS demonstrated
significant inhibition only at 40 /ig, beyond this concentration it was toxic.
Significant inhibition of mutagenesis was observed with aqueous garlic extract in
the range of 625 ng to 5 mg (data not shown).
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Figure 4. Effects of ajoene and DAS on AFBrinduced mutagenesis in Salmonella
typhimurium TA 100. Spontaneous revertants were subtracted. Means ± SE of
triplicates. * indicates difference from control at P < 0.05. (See Table 8,
appendix, for additional experiments).
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Figure 5. Effect of GE on AFBj-induced mutagenesis in Salmonella typhimurium TA
100. Spontaneous revertants were subtracted. Means ± SE of triplicates. * indicates
difference from control at P < 0.05. (See Table 8 for additional experiments).
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Figure 6. Effect of ajoene on B[a]P-induced mutagenesis in Salmonella typhimurium
TA 100. Histidine revertants were determined after 48 h incubation of ajoene with
B[a]P. Spontaneous revertants were subtracted. Means ± SE of triplicates; all differ
from control, P < 0.05. (See Table 8, appendix, for additional experiments).
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Figure 7. Effect of DAS on B[a]P-induced mutagenesis in Salmonella typhimurium
TA 100. Spontaneous revertants were subtracted. Means ± SE of triplicates of two
experiments; all differ from control, P < 0.05.
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Figure 8. Effect of GE on B[a]P-induced mutagenesis in Salmonella typhimurium TA100. Spontaneous revertants were subtracted. Means ± SE of triplicates; all differ
from control, P < 0.05. (See Table 8, appendix, for additional experiments).
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Effect of qjoene, DAS, and GE on AFB^metabolite binding to DNA and on
adduct formation
Table 2 shows inhibition of the binding of AFB1 metabolites to calf thymus
DNA by garlic compounds. Ajoene and DAS at 100 /xg/ml inhibited the binding
by 76 and 45%. GE at 12.5 mg/ml inhibited AFB^DNA binding by 50%.
Analysis of the AFBrDNA adducts by HPLC revealed a decrease in
adduct formation by the garlic compounds (Table 3). The adducts identified were
AFBrN7-FAPyr (minor), AFB1-N7-FAPyr (major) and AFB1-N7-Gua. Significant
inhibition of these three adducts was observed with all three garlic compounds
tested. Ajoene, DAS and GE inhibited the formation of combined adducts by 73,
51, and 63% respectively.

Effect of ajoene, DAS and GE on AFB, metabolism
Fig. 9 illustrates effects of garlic compounds on the formation of
organosoluble metabolites of AFBr HPLC analysis of the organosoluble
extractions yielded AFB! dihydrodiol (AFB1-DHD) as the first peak, AFM,, AFP^
and AFQ1 combined as the second peak, and unmetabolized AFB1 as the third
peak (Table 4). Significant inhibition of AFB^DHD (first peak) and AFM,,
AFP,, and AFQ, (second peak), was observed with ajoene and GE accompanied
by a significant increase in unmetabolized AFB, (third peak). With DAS there
was a small but significant decrease in the first peak, and a small but significant
increase in both the second and the third peak. Effects of ajoene, DAS and GE
on the formation of water-soluble conjugates of AFB, are shown in Fig. 10. In
the presence of ajoene and DAS, the amounts of AFB, bound to all three water-

Table 2 Effects of Garlic Compounds on AFBrMetabolite Binding to DNA

AFBi Metabolites
Percent
Inhibition

Compounds
Tested
pmoles/mg DNA*
Control
(no garlic compound)

175 ± 9

Ajoene
(100 pg/ml)

43 ± 4b

76

DAS
(100 pg/ml)

96 ± 5b

45

GE
(12.5 mg/ml)

87 ± 9b

50

a) [3H]AFBi (792 pmol) was incubated with calf thymus DNA. DNA was quantitated by the diphenylamine
assay and the amount of AFBi metabolites bound to DNA expressed in pmoles/mg DNA (mean ± S.E. of
duplicates).
b> Differs from control (p < 0.01).
4^

Table 3 Effects of Garlic Compounds on AFBi Metabolite - DNA Adduct Formation

AFB! Metabolite - DNA Adducts (pmoles/mg DNA)a
Compounds
Tested
AFBrN7-FAPyr (minor) AFBi-N^FAPyr (major)

AFBi-N^Gua
70.58 ± 8.3

122.41

7.04 ± 1.9b
(81%)

24.28 ± 12.2b
(66%)

32.59
(73%)

1.05 ± l.lb
(93%)

7.92 ± 0.8b
(78%)

50.97 ± 2.9b
(28%)

59.94
(51%)

3.20 ± O.T5
(79%)

7.80 ± 3.5b
(79%)

33.94 ± 6.2b
(52%)

44.94
(63%)

15.05 ± 3.6

36.78 ± 12.4

Ajoene
(100 pg/ml)

1.27 ± 1.2b
(92%)c

DAS
(100 pg/ml)
GE
(12.5 mg/ml)

Control
(no garlic compound)

Total
AFBrDNA
Adducts

a> Data are presented as mean ± S.E. of duplicates.
b> Differs from control (P < 0.01).
c> Numbers in parentheses denote percent inhibition.
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Figure 9. Effect of ajoene, diallyl sulfide and GE on the formation of organosoluble
metabolites of [3H]AFBX. Means ± SE of duplicates; all differ from control, P <
0.05. (See Table 8, appendix, for additional experiments).
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Table 4 Effects of ajoene and diallyl sulfide on the formation of organosoluble metabolites of AFBi

Organosoluble metabolites of AFBi (pmoles/mg S-9 protein)*
Compounds
Tested
AFBiDHD

AFMi, AFPi, AFQi Unmetabolized AFBi

Total metabolites

Control
(no garlic compound)

0.421 ± 0.061

1.939 ± 0.017

0.048 ± 0.004

2.476 ± 0.009

Ajoene
(100 pg/ml)

0.213 ± 0.013

0.910 ± 0.042

4.323 ± 0.051

5.455 ± 0.005

DAS
(100 pg/ml)

0.335 ± 0.006

2.079 ± 0.019

0.331 ± 0.062

2.797 ± 0.019

*) Rat liver S-9 was incubated with pHJAFBi and each garlic compound. The organosoluble layers were extracted
with chloroform/ethyl acetate and separated isocratically by HPLC. Values are mean ± S.E. All values differ
from control (p < 0.05).
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Figure 10. Effect of ajoene, DAS and GE on the formation of water-soluble
conjugates of aflatoxin
Means ± SE of duplicates. (See Table 8, appendix for
additional experiments).
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soluble conjugates were decreased compared to controls. In the presence of GE,
the amounts of AFB1 conjugated with sulfate was decreased but AFB, conjugates
of glutathione and glucuronide were increased.

Effects of added GSH on the metabolism of AFB1
In incubations of [3H]AFB1 and rat liver S-9 with ajoene and DAS there
was more radioactivity in the organosoluble fraction and less radioactivity in the
water-soluble fraction than in controls. Results of the HPLC analysis of the C18
Sep-pak treated samples of the water-soluble fractions are shown in Fig. 11.
AFB1-SG was decreased in incubations of [3H]AFB1 with both ajoene and DAS.
Addition of exogenous glutathione (GSH) did not increase the formation of
AFBrSG (data not shown).

Effects of garlic compounds on GST activity
The GST catalyzed conjugation of CDNB with GSH was linear up to 2.5
minutes (Fig. 12). No significant induction of the enzyme was observed with
ajoene, DAS or GE. BHT, a known GST inducer, gave positive evidence of
increased GST activity.

Effects of garlic extract on elimination of Candida albicans
Blood cultures were obtained at 24 hours after intravenous injection of C.
albicans. Mice treated with saline yielded a mean colony count of 3,500, while
those treated with GE yielded 400 colonies. At 48 hours, the saline-treated group
had 1,400 colonies while the GE treated group had none (Fig. 13). Thus GE

53

Figure 11. Effects of ajoene and diallyl sulfide (DAS) on the formation of AFBjglutathione conjugates (AFB1-SG) as determined by HPLC. Means ± SE of
duplicates; both differ from control. (See Table 8, appendix, for additional
experiments).
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Figure 12. Effect of DAS and ajoene on glutathione-S-transferase (GST) activity
shown as nmoles CDNB-glutathione conjugates. BHT is a positive control.
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Figure 13. Effect of garlic extract on clearance of Candida albicans from mouse
blood. Means ± SE of duplicates. Less than control (P < 0.05) at all hours.
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enhanced the elimination of C. albicans from the circulation. With kidney
cultures taken at all time intervals, GE treated groups yielded significantly lower
colony counts than the saline treated control group (P < 0.05) (Fig. 14).
Examination of peritoneal exudate cells revealed an increased chemiluminescent
oxidative burst of the phagocytes. With the exception of 24 hours, in each of the
subsequent intervals garlic-treated groups consistently gave significantly higher
activity than saline treated controls (Fig. 15).

Cytotoxic effects of sulfur compounds of garlic on tumor cell lines
DADS was tested on cell lines MBT-2, HL-60 and K562. Treatment of
MBT-2 cells with culture medium supplemented with 5-200 pg of DADS exhibited
a concentration-dependent cytotoxicity (Fig. 16). HL-60 and K562 cell lines also
exhibited a concentration-dependent cytotoxicity to DADS. HL-60 exhibited a
70% cytotoxicity at 10 /ig and 100% cytotoxicity at 100 /xg after 24 hours.
However, concentrations as low as 25 /zg also resulted in 100% cytotoxicity at a
longer incubation time of 72 h (Fig. 17). The effect on K562 cells was quite
linear at concentrations of 10-50 /xg at all time periods. 100% cytotoxicity was
observed at 50 /zg after 72 hours and at 100 /zg after 48 h (Fig. 18). DADS at a
concentration of 100 /zg was less than 10% cytotoxic to R3327 cells. Incubation
with 200 /zg resulted in toxicity ranging from 40% at 24 h, to 80% at 48 h to
100% at 72 h (Fig. 19).
DAS was tested on MBT-2 cells. Addition of 200 /zg to MBT-2 produced
30% cytotoxicity, when incubated for 72 h (data not shown).
When DMDS was tested on MBT-2, less than 10% cytotoxicity was
observed at a concentration of 200 /zg. K562, however, exhibited 50% cytotoxicity
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Figure 14. Effect of garlic extract on colonization of Candida albicans in the mouse
kidney. Means ± SE of duplicates; all differ from control, P < 0.05.
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Figure 15. Effect of garlic extract on phagocyte chemiluminescence oxidative burst.
Means ± SE of triplicates; all differ from control, P < 0.05.
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Figure 16. Cytotoxicity of diallyl disulfide on MBT-2 cells. Values are mean percent
of duplicates.
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Figure 17. Cytotoxicity of diallyl disulfide on HL-60 cells. Values are mean
percent of duplicates.
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Figure 18. Cytotoxicity of diallyl disulfide on K562 cells. Values are mean
percent of duplicates.
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Figure 19. Cytotoxicity of diallyl disulfide on R3327 cells. Values are mean percent
of duplicates.
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at a concentration of 100 /ig after 48 and 72 h (Fig. 20). Toxicity at 24 h was
minimal at all concentrations of DMDS tested.
No significant effects were obtained even at a concentration as high as 400
fig of AMS on the MBT-2 cell line (Fig. 21).

In vitro antifungal effects of organosulfur compounds of garlic
DADS, DAS, DMDS and AMS inhibited the growth of Candida albicans.
DADS was the most potent, with the inhibitory and lethal concentrations in the
range of 156-625 pg/ml (Table 5). The minimum inhibitory concentration of
DAS was 625 /xg/ml (Table 6). Inhibitory activity of DMDS and AMS was in the
range of 5-20 mg and 10-20 mg respectively (Table 7). DADS, at a concentration
of 200 fig, inhibited the in vitro germination of C. albicans.
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Figure 20. Cytotoxicity of dimethyl disulfide on K562 cells. Values are mean
percent of duplicates.
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Figure 21. Cytotoxicity of allyl methyl sulfide on MBT-2 cells. Values are mean
percent of duplicates.
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Table 5 Inhibitory activity of diallyl disulfide against Candida albicans

MIC* at various times (mg/ml)

C albicans
Isolate #

24 h

48 h

1 wk

2 wk

4 wk

102, 104, 105

0.078

0.078

0.313

0.313

0.313

103

0.039

0.078

0.156

0.156

0.625

106

0.078

0.078

0.313

0.625

0.625

107

0.078

0.078

0.156

0.156

0.156

108, 109

0.078

0.156

0.156

0.156

200

0.313

0.313

0.625

0.625

*> Minimum inhibitory concentration (MIC)
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Table 6 Inhibitory activity of diallyl sulfide against Candida albicans

MIO at various times (mg/ml)

C. albicans
Isolate #

24 h

48 h

1 wk

2 wk

4 wk

103-105, 107, 108

0.313

0.313

0.625

0.625

0.625

102

0.313

0.625

0.625

0.625

0.625

106

1.250

1.250

2.500

2.500

2.500

109

0.625

1.250

1.250

1.250

200

1.250

1.250

1.250

1.250

*> Minimum inhibitory concentration (MIC)
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Table 7 Inhibitory activity of dimethyl disulfide and allyl methyl sulfide against
Candida albicans

MIC* at various times (mg/ml)

C albicans
24 h

48 h

1 wk

2 wk

4 wk

102

2.50

2.50

5.00

5.00

5.00

103

1.25

2.50

10.00

20.00

20.00

102

5.00

10.00

20.00

20.00

20.00

103

5.00

10.00

10.00

10.00

10.00

Isolate #
Dimethyl disulfide

Allyl methyl sulfide

*> Minimum inhibitory concentration (MIC)

DISCUSSION

Allium sativum (garlic) is a common plant used as food in all parts of the
world (16). Since ancient times, it has been used as a folk medicine for a variety
of human illnesses (16, 26, 45, 76). However, it is only in recent decades that this
folk remedy has been investigated scientifically. Among the pharmacologic
effects of garlic, anticarcinogenic and cardiovascular properties have received the
most attention. This is because cancer and cardiovascular disease are the leading
causes of death in most parts of the world (18) and because of the concept from
epidemiological studies that nutrition affects heart disease and cancer (104, 105).
The data presented in this dissertation demonstrate:
i.

inhibition of AFB1 and B[a]P-induced mutagenesis in S. typhimurium
TA100 by ajoene, diallyl sulfide, diallyl disulfide and a crude extract
of garlic.

ii.

inhibition of AFB1 metabolite binding to calf thymus DNA and
decreased formation of AFB^DNA adducts by ajoene, DAS and
GE.

iii.

inhibition of the metabolism of AET^ by modulating phase I
enzymes by ajoene, DAS and GE.

iv.

cytotoxicity of DADS against the tumor cell lines MBT-2, R3327,
HL-60 and K562; DMDS and AMS against K562 and MBT-2.

v.

enhancement of the phagocytic activity by GE in an in vivo system.

vi.

inhibition of the growth of C. albicans by DADS, DAS, DMDS and
AMS.
80
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AFB1 and B[a]P require metabolic activation to exert their
mutagenic/carcinogenic effects (40, 91). AFB, is a naturally-occurring fungal
toxin produced by strains of Aspergillus flavus and is a potent hepatocarcarcinogen
(110). B[a]P, a polycyclic aromatic hydrocarbon, is found in cigarette smoke,
charcoal broiled meat and as an environmental pollutant. It is metabolically
activated to diol epoxides, which are terminal electrophiles that react with
nucleophiles such as DNA, RNA and proteins (40).

Mutagenesis studies
Mutagenicity studies with garlic have been conducted with crude extracts
(52, 92, 111, 57). Earlier studies reported garlic to be mutagenic in bacteria (52,
92). However, in subsquent testing garlic was shown to exhibit antimutagenic
effects (57). Although components of garlic inhibit the activity of diverse
chemical carcinogens during both the initiation and promotion phases of
carcinogenesis (12, 13, 90, 101), there are no reports on the inhibition of aflatoxin
B1-induced mutagenesis.
In this study rat liver enzymes from Aroclor 1254-induced rats produced
AFB, and B[a]P metabolites that were mutagenic to S. typhimurium TA100. All
the garlic compounds tested inhibited both AFB1 and B[a]P-induced mutagenesis.
A concentration-dependent effect by ajoene against AFB, and B[a]P-induced
mutagenesis in the range of 20-100 /xg/ml (Fig. 4, 6) was observed. A
concentration-dependent effect was also observed with GE against B[a]P-induced
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mutagenesis in the range of 2-12.5 mg/ml (Fig. 8). DAS demonstrated significant
inhibition only at 40 /xg/ml; beyond this concentration it was toxic. Since AFB,
and B[a]P must be metabolically converted to epoxides to exert their mutagenic
and carcinogenic effects, garlic compounds could inhibit mutagenesis by
preventing such conversion.

AFB1 metabolism and metabolite binding studies
Although recent literature suggests a wide range of mechanisms to account
for the biological activities of garlic, the precise mechanisms by which
organosulfur compounds in garlic modulate phases of carcinogenesis are yet
unknown. Several mechanisms proposed suggest that these compounds could
have pluri-modal effects in different stages of carcinogenesis (32). A major
inhibitory mechanism proposed is through the modulation of the detoxifying
enzyme GST (84, 85, 86). GST activity in the liver, forestomach, small intestine
and lung was enhanced at 96 h after oral administration of allyl methyl trisulfide
which was correlated with the suppression of benzo[a]pyrene-induced forestomach
tumors (85). Several studies failed, however, to show an effect of DAS on GST
activity (20, 48, 81). It has been suggested that stimulation of hepatic GST by
organosulfur compounds may require more than an 18 h lag time for the
inhibitory activity against chemical carcinogenesis to be observed (88).
In my study, garlic compounds inhibited rat liver S-9 mediated AFB,
metabolite binding to calf thymus DNA which correlated with a decrease in
AFB^DNA adducts. To understand the role of metabolism in the inhibition of
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AFB1-induced mutagenesis, DNA binding and AFB^DNA adduct formation,
organosoluble metabolites of AFB1 and AFB, water-soluble conjugate formation
were measured. HPLC analysis of phase-I-mediated metabolism of AFB,
revealed a significant decrease in the formation of AFBrdihydrodiol with ajoene,
DAS and GE and a significant decrease in the formation of AFM,, AFP,, and
AFQ, with ajoene. There was a significant increase in the amount of
unmetabolized AFB, with both ajoene and DAS. There was also a significant
increase in the amounts of AFM,, AFP, and AFQ, with DAS (Fig. 9) (Table 4).
AFM„ AFP,, and AFQ, are less toxic compounds (66). Analysis of water-soluble
metabolites revealed a decrease in AFB,-SG with both ajoene and DAS (Fig. 11).
GE increased the formation of AFB,-glucuronide and glutathione conjugates
(Fig. 10). Ajoene and DAS did not exert any effects on the induction of the
enzyme GST (Fig. 12).
The results in this study suggest that ajoene and DAS inhibited
mutagenesis, AFB,-DNA binding and AFB,-DNA adduct formation by inhibiting
the microsomal P-450 mediated metabolism of AFB, and thus the formation of
AFB,-8,9 oxide which binds to DNA. AFB,-8,9 oxide apart from binding to
DNA, can conjugate with GSH to form AFB,-SG, a detoxification product (29,
107). Detoxification of AFB, correlates with resistance to AFB, hepatotoxicity in
animals and a reduction in AFB,-N7-Gua adducts is associated with an increase in
the formation of AFB,-SG (77). The decrease in AFB,-SG with ajoene and DAS
(Fig. 11) may reflect a lack of AFB,-8,9 oxide as an available substrate for GSH
because of an inhibition of the metabolism of AFB, rather than an effect of
ajoene and DAS on GST activity (Fig. 12). The addition of exogenous

84

glutathione did not increase the formation of AFB^SG confirming previous
studies that indicate that AFB1 is a poor substrate for GST (55). In addition to
the inhibition of phase I enzymes, the enhancement of glucuronide and
glutathione conjugates observed with GE (Fig. 10) suggests enhanced
detoxification of the AFB1 through phase II enzymes.
This study supports the hypothesis that garlic compounds modulate AFB,DNA binding through an inhibition of microsomal mixed function oxygenases.
My results suggest that ajoene, DAS and GE possess chemopreventive properties
and suggest their potential usefulness in cancer prevention.

In vivo immune studies
There is evidence that components of garlic modulate specific and
nonspecific antitumor immunity (3, 60, 62). It has also been shown that a protein
fraction augmented in vitro macrophage cytotoxicity and enhanced carbon
clearance by macrophages (49). There are a few reports on the phagocyte
enhancing activity of garlic (62, 49). My research on the in vivo immune system
provides additional evidence on the macrophage enhancing activity of garlic.
Treatment with GE hastened the clearance of C. albicans from the
circulation of animals systemically infected with this organism. C. albicans
colonizes in the kidneys (51). Treatment with GE reduced the number of these
organisms (Fig. 14). In an in vitro chemiluminescence assay, phagocytes from
animals treated with garlic extract exhibited a greater oxidative burst response
(Fig. 15). The generation of reactive oxygen species by neutrophils and
macrophages represents a major mechanism by which these cells mediate their
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antimicrobial and tumoricidal activities (93). It would therefore appear that the
control of C. albicans in the in vivo model presented here was mediated through
enhancement of phagocytic function by GE.

Cytotoxic studies
Garlic inhibits the growth of transplantable tumors and reduces the
incidence of certain spontaneously-occurring tumors (58, 60). In studying the
mechanism of the bactericidal action of allicin, a sulfur compound of garlic, it has
been shown to involve a sulfhydryl (-SH) inhibitor. There is a close relationship
between the structure required for bactericidal action and that required for -SH
enzyme inactivation. Thus, compounds containing the -SO-S grouping are
effective in both enzyme inhibition and bactericidal activity (109). An increase in
SH compounds prior to cell division has been demonstrated. Reduced SH
compounds stimulate cell growth and division, whereas substances which oxidize
-SH to -S-S- inhibit cell division (109). My study reports the cytotoxic effects of
DADS, DAS, DMDS and AMS on several tumor cell lines. DADS was cytotoxic
to cell lines MBT-2, R3327, HL-60 and K562. This may be achieved by the
inhibition of sulfhydryl enzymes by sulfur compounds of garlic. Interference
of -SH metabolism in tumor cells may be responsible for inhibition of tumor cell
growth and cytotoxic effects of some garlic compounds on the cells.

Antifungal studies
The antifungal activity of garlic has been demonstrated by several recent
studies (5, 6). However, these were conducted with crude extracts. In my study
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DADS, DAS, DMDS and AMS were antifungal to C. albicans. DADS was the
most potent. The antifungal effects of DADS were observed in the concentration
range of 156-625 /ig/ml (Table 5). The minimum inhibitory concentrations of
DAS, DMDS and AMS were 0.625-1.25 mg/ml, 5-20 mg/ml and 10-20 mg/ml
respectively. DADS at a concentration of 200 /ig/ml inhibited in vitro
germination of C. albicans in dilute bovine serum albumin. Several mechanisms
have been proposed for the inhibition of growth of C. albicans by garlic extract.
Allicin is proposed to be the major growth inhibitory component in garlic extract
(11, 23). Allicin reacts stoichiometrically with sulfhydryl compounds such as
glutathione, resulting in the loss of most of the inhibitory activity of allicin (11).
A recently proposed mechanism suggests that blockage of lipid production by
garlic extract is an important physiological mechanism of growth inhibition (6).
The present study differs from most previous studies in that specific sulfur
compounds of garlic rather than crude extracts were used. The inhibition of
sulfhydryl groups by sulfur compounds of garlic appears to be a possible
mechanism of their inhibitory activity.
To summarize, the results presented in this dissertation and in the
literature indicate the wide spectrum of therapeutic effects of garlic compounds.
Garlic and other alliums are rich sources of organosulfur compounds (36). Many
sulfur compounds have a broad spectrum of physiological and pharmacological
effects (46, 82, 98). Thus the pharmacologic effects of garlic may be a function
of its sulfur containing compounds. The present data also suggest that garlic
compounds ajoene, diallyl sulfide and GE possess antimutagenic and
anticarcinogenic properties and may therefore be useful in cancer prevention.
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The antitumor, immune enhancing and antifungal properties reported here
support the efficacy of garlic use in disease prevention. Future research should
involve the identification of components of garlic that possess therapeutic
properties and components that are potentially allerginic or toxic. The
identification of components that meet specific needs in prevention or in
treatment of specific human diseases could be very beneficial and constitutes a
worthy endeavor.
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Table 8 Additional experiments (keyed to figure numbers)

Figure

Original Exp. #

p < 0.05 criterion met at

4(Ajoene)

2

20

4 (DAS)

2

100 pg

5

2

12.5 mg

6

2

20

40

80

100 pg

3

20

40

80

100 pg

1

4

6

8

10

8

40

80

100 pg

12 mg

co

VO

Table 8 continued
Figure

p < 0.05 criterion met at:

Original Exp. #

AFBjDHD
9

2

Ajoene
DAS
GE

+
+
+

SULFATE
10

2

Ajoene
DAS
GE

+
+
+

11

2

Ajoene
DAS

+
+

Table 2

1

Ajoene
DAS
GE

+
+
+

AFMx, AFPi, AFQ1

+

+
GLUCURONIDE

+
+
+

Unmetabolized AFBi

+
+
+

GLUTATHIONE

+

+

Note that in each case the results heavily support the experiment plotted in the figure, thus increasing the generality
of the conclusions.
'O

o
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Table 9 Chemical structures of organosulfur compounds of garlic.

Chemicals

Structure

Alliin

CH2=CH-CH2-S(0)-CH2-CH(NH2)-C00H >

Allicin

CH2=CH-CH2-S(0)-S-CH2-CH=CH2 *

Ajoene

CH2=CH-CH2-S(0)-CH2-CH=CH-S-S-CH2-CH=CH2-

Diallyl sulfide

ch2=ch-ch2-s-ch2-ch=ch2

Diallyl disulfide

CH2=CH-CH2-S-S-CH2-CH=CH2

Diallyl trisulfide

ch2=ch-ch2-s-s-s-ch2-ch=ch2

Allyl methyl sulfide

ch2=ch-ch2-s-ch3

Allyl methyl disulfide

ch2=ch-ch2-s-s-ch3

Allyl methyl trisulfide

ch2=ch-ch2-s-s-s-ch3

Dimethyl disulfide

CH3-S-S-CH3

Dimethyl trisulfide

CH3-S-S-S-CH3

Source:

Block, E. (1985) Sci. Am.. 252, 114-119
Vemin, G. et al. (1986) Planta Medica. 2, 96-101
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Figure 22. HPLC profile of organosoluble metabolites of [3H]AFBr AFB1 DHD
is identified as the first peak, AFM,, AFP,, and AFQ, combined as the second
peak, and unmetabolized AFB, as the third peak.
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